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In 1991, the initial results of the North
American Symptomatic Carotid Endarterectomy
Trial (NASCET) were released. This study demon-
strated that patients having symptomatic high-grade
stenoses of 70% or greater treated with carotid
endarterectomy (CEA) had much better outcomes
than those treated medically.1 The benefit of CEA
for moderate lesions has been unknown until now.
The NASCET collaborators have now released
the results for symptomatic patients with stenoses of
less than 70%.2 These results showed that selected
patients with moderate stenoses of 50% to 69%
achieve benefit from CEA versus medical therapy
alone. Specifically, patients with ipsilateral hemi-
spheric transient ischemic attacks or with previous
ipsilateral stroke and carotid stenosis of 50% to 69%
have a 29% relative reduction in stroke risk at 5
years. Additionally, men achieved greater benefit
than women. Thus, certain symptomatic patients
with a carotid stenosis of 50% to 69% may be con-
sidered to be candidates for CEA.
The benefit from CEA in this group is described
as “moderate” by the NASCET collaborators. As
such, it is extremely important that all iatrogenic
causes of stroke in patients being considered for or
undergoing CEA be limited as much as possible.
The issue of carotid imaging becomes very impor-
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tant, because angiography carries a known risk for
inducing stroke.3 Although the NASCET trial used
angiography exclusively as a means of assessing the
degree of stenosis, many centers have developed
other imaging modalities to avoid the risks of
angiography in patients with carotid disease.
One of these modalities, duplex ultrasound scan-
ning (DUS), is becoming an increasingly useful tool
for the assessment of carotid stenosis, because of its
noninvasive nature, high accuracy, and low complica-
tion risk. With this information on moderate stenoses
available, it is important to evaluate the DUS parame-
ters that predict moderate stenoses so this test may be
safely and effectively applied in the prediction of 50%
or greater stenosis. 
Our study had two aims. The first was to identify
a duplex criterion that would accurately predict, or
screen for, the existence of a 50% or greater angio-
graphic stenosis, as defined by NASCET criteria. In
an attempt to minimize the need for angiography and
its potential for complications, the second aim was to
identify a duplex criterion that would properly select,
from the screened group, those patients who could
undergo CEA without earlier angiography.
METHODS
Between March 1, 1995, and December 1,
1995, all patients who were considered to be candi-
dates for CEA by attending vascular surgeons and
neurologists were studied with both carotid DUS
and carotid angiography. Carotid angiography was
performed within 1 month of the DUS examination.
Patients were excluded from this study if they
had (1) previous ipsilateral CEA, (2) a technically
inadequate duplex examination, or (3) inadequate
angiographic imaging of the carotid arteries. Carotid
occlusions identified by means of DUS were con-
firmed by means of an angiogram and were exclud-
Fig 1. Receiver-operator characteristic curve for internal carotid artery peak systolic velocity.
Table I. Internal carotid artery peak systolic velocity
PSV
greater than Sensitivity Specificity Accuracy PPV
120 100% 71.6% 87.8% 82.3%
140 100% 79.0% 91.0% 86.3%
150 98.1% 84.0% 92.0% 89.0%
170 92.5% 88.9% 91.0% 91.7%
190 86.0% 92.6% 88.8% 93.9%
210 83.2% 95.1% 88.3% 95.7%
230 79.4% 96.3% 86.7% 96.6%
250 74.8% 96.3% 84.0% 96.4%
270 72.0% 97.5% 83.0% 97.5%
280 70.1% 98.8% 82.4% 98.7%
300 67.3% 98.8% 80.9% 98.6%
410 28.0% 98.8% 58.5% 96.8%
600 3.7% 100% 45.2% 100%
PSV, peak systolic velocity; PPV, positive predictive value.
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ed from analysis because they had no role in the
development of duplex velocity criteria. Because
DUS measurements are often rendered inaccurate
by stenoses outside the carotid bulb, arteries with
these lesions were also excluded. It has been our
practice to perform angiography in these instances
because of the unreliability of DUS in this setting.
DUS examinations were undertaken with a color
duplex scanner with a 5-MHZ probe (Acuson 128;
Acuson, Mountain View, Calif). A standard tech-
nique of duplex imaging, which was detailed by
Strandness,4 was used. Three main parameters were
obtained in each DUS examination: the maximal
internal carotid artery (ICA) peak systolic velocity
(PSV), the end diastolic velocity (EDV), and the
maximal common carotid artery (CCA) PSV. The
ICA PSV and EDV were measured within the area
of maximal stenosis. The CCA PSV was measured in
the center stream approximately 2 to 3 cm below the
bifurcation, where the artery appeared to be normal,
in keeping with our standard technique. The ratio of
ICA PSV to the common carotid artery (CCA) PSV
was calculated for each artery.
Intraarterial digital subtraction or cut film tech-
niques were used for carotid angiography. Each ICA
was visualized in at least two planes, and intracranial
views were also obtained. An experienced neuroradi-
ologist used the NASCET criteria1 to determine the
degree of carotid stenosis. The distal internal ICA
was used as the reference artery, and calipers were
used to obtain the exact measurements. The neuro-
radiologist was blinded to the results of the DUS
examination.
Two-by-two tables for each cutoff point for ICA
PSV, EDV, and PSV ICA/CCA were created. The
sensitivities, specificities, positive predictive value
(PPV), and accuracies of selected cutoff points for
these parameters are shown in Tables I through III.
Receiver operator characteristic (ROC) curves were
generated from the sensitivity and specificity of each
cutoff point (Figs 1 through 3). These curves were
then analyzed to determine the DUS criterion that
most accurately predicted a 50% or greater stenosis
by means of angiogram. The criterion for selection
of patients who would be appropriate for operative
intervention with DUS alone was determined by
assessing the parameters that had a combination of
high PPV and sensitivity.
Sensitivity was defined as the proportion of peo-
ple with 50% or greater stenosis diagnosed by means
of angiography who also had a DUS result predict-
ing 50% or greater stenosis. Specificity was defined
as the proportion of people with less than 50%
stenosis by means of angiography who also had a
DUS result predicting less than 50% stenosis. PPV
was defined as the probability of having a 50% or
Fig 2. Receiver operator characteristic curve for internal carotid artery/common carotid
artery peak systolic velocity ratio.
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greater stenosis by means of angiography when it
was also predicted by means of DUS. The post-test
likelihood of a negative result was defined as the
probability of actually having a 50% or greater steno-
sis by means of angiography when a stenosis of less-
er degree was predicted by means of DUS.
RESULTS
The results of DUS and angiographic examina-
tions for 188 carotid bifurcations in 99 patients were
available for comparison. The prevalence of 50% or
greater stenosis on angiographic examination in this
population was 57% (107 of 188 bifurcations).
There were three complications related to angiogra-
phy (3%): one postangiographic stroke, one allergic
reaction to contrast that required treatment, and
one groin hematoma that required hospitalization.
By means of the ROC curve analysis, it was
determined that the most accurate criterion for
identifying the presence of a carotid stenosis of
50% or greater was an ICA/CCA PSV ratio of 2 or
higher. This criterion had an accuracy rate of 93%,
Fig 3. Receiver operator characteristic curve for internal carotid artery end diastolic velocity.
Table II. Internal carotid artery end diastolic
velocity
EDV Sensitivity Specificity Accuracy PPV
20 100% 65.4% 85.1% 79.3%
30 99.1% 66.75% 85.1% 79.7%
40 94.4% 76.5% 86.7% 84.2%
50 90.7% 86.4% 88.8% 89.8%
60 84.1% 92.6% 87.8% 93.8%
70 79.4% 93.8% 85.6% 94.4%
80 74.8% 97.5% 84.6% 97.6%
100 62.6% 97.5% 77.7% 97.1%
120 55.1% 97.5% 73.4% 96.7%
140 49.5% 97.5% 70.2% 96.4%
160 33.6% 98.8% 61.7% 97.3%
200 20.6% 98.8% 54.3% 95.7%
EDV, end diastolic velocity; PPV, positive predictive value.
Table III. Internal carotid artery/common
carotid artery peak systolic velocity ratios
Ratio
greater than Sensitivity Specificity Accuracy PPV
1.4 100% 51.9% 79.3% 73.3%
1.6 100% 64.2% 84.6% 78.7%
1.8 100% 76.5% 89.9% 84.9%
2 96.3% 88.9% 93.1% 92.0%
2.2 94.4% 90.1% 92.6% 92.7%
2.4 89.7% 91.4% 90.4% 93.2%
2.6 86.9% 92.6% 89.4% 93.9%
2.8 83.2% 95.1% 88.3% 95.7%
3 81.3% 95.1% 87.2% 95.6%
3.2 79.4% 95.1% 86.2% 95.5%
3.4 78.5% 95.1% 85.6% 95.5%
3.6 76.6% 97.5% 85.6% 97.6%
3.8 73.8% 97.5% 84.0% 97.5%
4 72.0% 97.5% 83.0% 97.5%
6 72.0% 98.8% 64.4% 97.6%
7 72.0% 98.8% 59.0% 96.9%
PPV, positive predictive value.
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with a sensitivity rate of 96%, a specificity rate of
89%, and a PPV of 92%. 
However, the usefulness of noninvasive testing is
most beneficial when it can be used to identify oper-
ative candidates in a clinical setting. As such, the PPV
is the most important statistical parameter for a given
criterion being applied for this purpose. The criteri-
on with the highest PPV that retained good sensitiv-
ity was found to be a PSV ICA/CCA ratio of 3.6 or
higher. The PPV for this criterion was 98%, with a
sensitivity rate of 77% and a specificity rate of 98%.
Therefore, from this data, the PSV ICA/CCA
ratio appears to provide, at different intervals, both
a good screening tool for identifying stenoses of 50%
or greater and a highly predictive indicator for sur-
gical intervention without earlier angiography. 
DISCUSSION
In the past, diagnosis of carotid stenoses requir-
ing operative intervention has been dependent on
the performance of carotid angiograms. However,
the rate of angiogram-induced stroke has been
determined to be about 1%.3 This factor, in addition
to other nonneurologic complications,5,6 has led to
an increased interest in the use of noninvasive diag-
nostic techniques for carotid disease to determine
Fig 4. Internal carotid artery/common carotid artery peak systolic velocity ratio manage-
ment algorithm.
surgical candidates. DUS has now become a leading
diagnostic tool in this area and has been shown to be
a safe alternative to angiography in asymptomatic7,8
and symptomatic patients.9-11
Moneta et al showed that a PSV ICA/CCA ratio
higher than 4 was the best predictor of 70% or
greater stenosis in symptomatic patients.12 With the
results of the NASCET study demonstrating a
reduction in stroke risk in selected patients with
carotid lesions of 50% or greater, it was our intent to
evaluate the criteria generated by DUS that would
allow us to correctly identify 50% or greater lesions.
Our results demonstrate that the best criterion to
identify patients with 50% or greater stenosis is a PSV
ICA/CCA ratio of 2.0 or higher. From the tables of
PSV, EDV, and PSV ICA/CCA ratios, it is evident
that the ratio of 2.0 or higher has the best accuracy rate
(93%) and is highly sensitive (96.2%). This criterion
satisfies the requirements for a good population-based
screening test. Therefore, it would appear to be a use-
ful tool for identifying those patients who come to the
clinician with potential cerebrovascular disease with
50% or greater carotid stenosis.
When DUS is to be used as a definitive diagnos-
tic tool for an individual patient, however, the most
important parameter is the PPV of the duplex crite-
rion to be used. In this regard, the PSV ICA/CCA
ratio of 3.6 or higher had the highest PPV of 97.6%
in combination with the best sensitivity (76.6%),
specificity (97.5%), and accuracy rates (85.6%).
There were other criteria, especially in the PSV cri-
teria, which did demonstrate PPVs of more than
98%. However, the higher PPVs were at the expense
of lower sensitivity, specificity, and accuracy rates.
The selected criterion of PSV ICA/CCA ratio of 3.6
or higher, however, will not identify every stenosis
that is 50% or greater. Thus, patients with ratios
between 2.0 and 3.6 still require angiographic imag-
ing to determine the appropriateness of operative
intervention.
These criteria have allowed us to develop a man-
agement algorithm for the use of DUS in sympto-
matic patients with moderate carotid stenoses
deemed appropriate for CEA by the recent NASCET
report on moderate stenosis.2 We propose that
patients being evaluated for carotid artery occlusive
disease undergo carotid DUS as the initial screening
test. Those patients having a PSV ICA/CCA ratio of
less than 2.0 can be safely observed with DUS at 6-
month intervals for disease progression. Those
patients who have a ratio of 3.6 or higher can under-
go CEA without angiography. Patients with ratios
that are 2.0 or higher but less than 3.6 should under-
go angiography to confirm that the degree of steno-
sis justifies operative intervention.
By using our 188 bifurcations, Fig 4 illustrates
how this management algorithm can guide the clin-
ical decision-making process. In the group of
patients who have a ratio of less than 2.0 (76 arter-
ies), four patients would actually have a greater than
50% stenosis if they were to undergo angiography.
Thus, the post-test likelihood of a negative result for
this ratio is 5.3%. In other studies, the likelihood has
been as high as 12% for other criteria used to screen
for intermediate stenoses.8 These four patients had
angiographic stenoses of 64%, 50%, 60%, and 60%. It
is apparent that this ratio does not miss stenoses of
70% or greater. 
In those 84 patients who meet the operative pre-
dictive criterion of a ratio of 3.6 or higher, potential-
ly two patients would be found to have less than 50%
stenosis if an angiogram were to be performed.
Ideally, no surgeon wants to operate unnecessarily,
which would be the case in these patients. However,
no test can be absolutely perfect, and the trade-off for
a very infrequent rate of unnecessary operations is a
substantial reduction in the number of angiograms
performed and the potential for complications related
to angiography. In this group, following the proposed
algorithm, the performance of 160 angiograms could
be avoided and as many as 1.6 strokes (1.0%) could
also be averted. Thus, we feel that the balance of this
trade-off is in favor of a better outcome for the patient
and justifies the use of a ratio of 3.6 or higher to pre-
dict the need for operative intervention without
angiography. Furthermore, some authors have point-
ed out that angiography, being a two-dimensional
imaging technique, may in fact under-call some
stenoses.10,13,14
For those patients whose ratio falls between 2.0
and 3.6, angiography is indicated as a means of con-
firming the degree of stenosis. In our study group,
28 bifurcations were in this category. With subse-
quent angiography, 21 of the 28 were found to have
a stenosis of 50% or greater. Thus, the angiographic
pick-up rate is 75%. This rate of positive angiograms
is superior to the result of 57% (107 of 188) we see
with routine angiography.
It is important to understand that these criteria
must be used in conjunction to apply DUS safely and
effectively in instances of carotid stenosis of 50% or
greater. The identification of patients with a stenosis
of 50% to 99% by using a ratio of 2.0 or higher is not
perfect and will occasionally misclassify patients
whose stenosis is less than 50%. To overcome this, all
patients with a ratio of 2.0 or higher should undergo
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angiography to confirm the presence of a stenosis
50% or greater before operative intervention.
Although this is an entirely feasible approach, it does
not take advantage of the ability of DUS to stratify
this group into those who require angiography
before CEA and those who potentially do not.
The PSV ICA/CCA ratio of 3.6 or higher iden-
tifies those patients who may undergo operative
intervention without earlier angiography. The high
PPV limits the frequency of operating on patients
with less than 50% angiographic stenosis. However, if
used as the sole indication for operation, this ratio
would miss a substantial number of patients with 50%
or greater stenosis and thus deny them an appropri-
ate operation. This is especially worrisome because
there may be patients who have a ratio of less than
3.6 and stenoses of 70% or greater. The initial
NASCET data showed that patients with higher
degrees of stenosis had a greater risk of stroke and
derived greater benefit from CEA than patients with
moderate stenosis.1,2 Missing stenoses of 70% or
greater is unacceptable. Thus, it is inappropriate to
use this ratio in isolation. To ensure that no high-risk
lesions are missed, patients who have a ratio between
2.0 and 3.6 must undergo angiographic imaging.
This also ensures that patients who have a less than
50% angiographic stenosis but have a ratio between
2.0 and 3.6 do not undergo unnecessary operation.
It is unlikely that DUS will ever entirely replace
angiography. As in our study, proper assessment of a
group of patients requires the performance of selec-
tive angiograms. In addition, angiography will still be
necessary in patients suspected of having disease out-
side the carotid bifurcation and in those patients who
have a technically inadequate DUS examination. It
appears from the results of this study that DUS can
be an effective tool in significantly reducing the num-
ber of angiograms performed. This has beneficial
effects both on morbidity4-6 and cost reduction.15 As
pointed out in several studies examining the role of
DUS, it is incumbent on any vascular laboratory to
validate their own DUS criteria against angiographic
assessment before the application of these crite-
ria,8,16,17 and we certainly agree with this approach.
The results of this study should provide a reference
for those centers evaluating their own studies.
In conclusion, using a PSV ICA/CCA ratio of 2
or higher effectively screens for the presence of
carotid stenoses of 50% or greater. When the ratio is
3.6 or higher, it appears to be safe to proceed with
CEA without angiography. Patients with ratios
between 2 and 3.6 must undergo angiographic
imaging before operative intervention to confirm
the presence of a 50% or greater stenosis and to
ensure that no higher grade stenoses (70% or
greater) are missed. These criteria are simple to
apply and can be used safely and effectively in those
patients meeting the NASCET indications for CEA
with moderate carotid stenosis. 
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Dr Thomas O’Donnell (Boston, Mass). I want to com-
pliment the authors on an excellent paper. This study would
be very difficult to carry out in the United States today,
because of costs of routine angiography and the risks of
arteriography that we know from the asymptomatic carotid
trial. This study provides very valuable new information,
particularly in light of the way the data was presented.
The receiver operator characteristic curves were
applied to data analyzer, a method that we introduced in
1977 at the Nashville SVS/CVS meeting when we exam-
ined the value of the carotid noninvasive test, carotid
phonoangiography and oculopneumophlethysmography,
which have obviously been discarded.
One of the benefits of using threshold criteria to deter-
mine whether a test was positive or negative is that you can
set the threshold criteria as liberal or restrictive, whichever
value gives you the best balance between a high sensitivity
or specificity. In addition, two forms of the test, such as the
peak systolic velocity and the ratio, can be combined,
which may enhance the sensitivity. You just presented one
criteria. Have you summated criteria and thereby enhanced
your ability to select patients for carotid endarterectomy?
Dr Gerrit Winkelaar. Thank you, Dr O’Donnell.
Your point is well taken. Certainly in the literature
there are numerous criteria that have been reported.
Sometimes, I must admit, I personally find them a little
difficult to remember, with all the potential combinations
of numbers to indicate a particular degree of stenosis.
What we set out to do was to look at the parameters in a
straightforward fashion, and if we didn’t find reasonable
results, then our intent was to go ahead and do those sum-
mation evaluations. In fact, we were very pleasantly sur-
prised to find that we had what we felt were very reason-
able results. As a result, our analysis has led to the devel-
opment of very simple numbers, which are easy to
remember and apply.
Dr K. Craig Kent (Boston, Mass). I agree that there
are many different numbers in the literature. I think a lot
of people feel now that the criteria that may be most
appropriate for one laboratory may not be the same crite-
ria that are appropriate for another. We found that in a
study we did with Andy Whittemore and his group at the
Brigham. I think Jack Cronenwett has found a similar
thing and reported it.
How do you deal with this situation? You’ve given us
criteria, which you have very elegantly shown work for
your institution. Do you think everybody else should use
that same criteria for their institution?
Dr Winkelaar. It’s an important issue, and you bring up
a very good point about the duplex evaluation of carotid
disease. It is of paramount importance that each laborato-
ry evaluates and validates these criteria for themselves. The
reason for this is our management decisions are based on
the accuracy and the positive predictive value of the criteria
evaluated. These statistical parameters are directly affected
by the prevalence of 50% or greater stenosis in our screened
population, that is, 57%. One of the first things to do
before implementing our criteria is to determine the preva-
lence of this degree of stenosis in the population that a par-
ticular laboratory is screening. If this result is close to ours,
our criteria may well be useful to the laboratory. However,
the specific criteria must still be validated, because duplex
studies are highly operator dependent. Differences in the
duplex equipment may also alter the accuracy of our crite-
ria in another laboratory. Essentially, then, what we have
provided is a reference point for vascular laboratories to
look at and confirm for themselves so they can apply our
criteria safely in their patients.
Dr Jack Cronenwett (Lebanon, NH). Dr Winkelaar,
do you find that the internal carotid artery to common
carotid artery ratio is also the single best predictor for
more severe stenosis criteria in your laboratory? Or do you
use end diastolic or peak systolic velocity criteria to define
an 80% stenosis, for example?
Dr Winkelaar. We use the University of Washington
criteria to determine critical stenoses greater than 80%.
Dr Cronenwett. Have you validated those criteria in
your laboratory, getting at the questions of how much
variation is there and how much can we accept? This now
represents a real problem for many laboratories that don’t
have current angiographic comparisons like you did.
Dr Winkelaar. This data was originally collected in a
prospective, blinded fashion in 1995, for that very reason:
to find out which of the published criteria fit our vascular
laboratory. 
So, looking at a critical level of stenosis, these criteria
were validated in our laboratory, and that’s how we came
to use the University of Washington criteria.
DISCUSSION
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Dr Robert Hopkins (Providence, RI). I think this is a
very nice study. The only thing I question is the use of the
angiogram as an absolute gold standard. It has its varia-
tions, too. It cannot tell the difference between a 49% and
a 57% stenosis, any more than the vascular laboratory.
It depends on the ability to visualize the stenosis in
multiple projections with the angiogram. Actually, the only
gold standard would be the excised intact stenosis, and
most of us don’t have that available.
Dr Winkelaar. I completely agree, and there’s a growing
body of literature that suggests that duplex scanning should
be the gold standard, based on a few morphologic studies
that compare magnetic resonance imaging, angiography, and
the duplex scanning criteria, with the pathologic specimen of
the intact stenosis that was excised. The results of these stud-
ies are interesting and have determined that stenosis is often
under-called by means of angiography and that duplex scan-
ning was the most accurate test of carotid stenosis.
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